ABSTRACT: Five mono-or polycarboxylic acids have been used to generate a series of eight heterometallic uranyl complexes involving silver(I) or lead(II) cations, all synthesized under (solvo)-hydrothermal conditions. Pimelic acid (H2pim) gave complexes [Ag(bipy)2]2[UO2(pim)(NO3)]2 (1) and [UO2Pb(pim)2(bipy)(H2O)]0.5bipyH2O (2) (bipy = 2,2ʹ-bipyridine), which both crystallize as one-dimensional (1D) polymers, but differ in that the silver(I) cations are 
INTRODUCTION
Association of uranyl ions with other cations, particularly d-block but also alkali metal, alkalineearth metal and lanthanide species, is a widespread strategy to increase the dimensionality in uranyl-organic coordination polymers, [1] [2] [3] either through additional bridges involving the ligands, or through direct bonding to uranyl oxo groups, or both. 4, 5 Even incorporation of the second metal cation as an isolated counter-ion offers many possibilities for modulating the dimensionality and geometry of the uranyl-containing polymer. [5] [6] [7] [8] [9] In contrast to the d-block metal cations most often used in the synthesis of such complexes, which are cations typically displaying octahedral coordination geometry (suitable in particular for generating chiral counter-ions with three chelating N-donors), silver(I), which is found in uranyl-based systems containing carboxylate [10] [11] [12] [13] [14] [15] [16] [17] [18] or 3 represented in both series. As we and others [10] [11] [12] [13] [14] [15] [16] [17] [18] 25 have shown, Ag I and Pb II in various additionally complexed forms can compete with uranyl ion for such ligands in very different ways, thus engendering quite different structures for the coordination polymers formed with any one ligand.
In order to further investigate the effect of the presence of Ag I or Pb II on the formation of uranylorganic coordination polymers, as well as the possibly associated increase in dimensionality leading to frameworks, we have conducted a study involving several mono-or polycarboxylates differing greatly from one another in order to explore a particularly broad range of structural possibilities. We report here the synthesis, crystal structure determination and, in most cases, uranyl emission properties of a series of heterometallic complexes obtained from pimelic (H2pim), all-cis-1,3,5-cyclohexanetricarboxylic (H3chtc), 3,3ʹ,4,4ʹ-biphenyltetracarboxylic (H4bptc), 3-pyrimidin-2-yl-benzoic (Hpyb) and 2,6-pyridinedicarboxylic (H2pydc) acids. In some instances, both silver(I)-and lead(II)-containing species could be obtained, while in others only one of them could be crystallized; two homometallic uranyl complexes are also reported for comparison purposes.
Some of these ligands, such as H2pim 16, [31] [32] [33] [34] [35] and H2pydc, 11, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] have been frequently used in uranyl structural chemistry while H3chtc, 46 H4bptc 47 and Hpyb 48 are more unusual. Although a dimensionality increase leading to formation of a three-dimensional (3D) framework and clearly attributable to the presence of silver(I) cations occurs in only one case, several complexes in this series display original features (among which Ag I or Pb II oxo-bonding to uranyl). Uranyl emission in the solid state has also been investigated in most cases and reveals a correlation between maxima positions and uranium coordination number more clearcut than usually found.
EXPERIMENTAL SECTION

Syntheses. Caution! Uranium is a radioactive and chemically toxic element, and uraniumcontaining samples must be handled with suitable care and protection.
4 UO2(NO3)2·6H2O (depleted uranium, R. P. Normapur, 99%), AgNO3 and Pb(NO3)2 were purchased from Prolabo, 2,2ʹ-bipyridine (bipy) and 4,4ʹ-bipyridine (4,4ʹ-bipy) were from Fluka, and pimelic acid (H2pim), all-cis 1,3,5-cyclohexanetricarboxylic acid (H3chtc), 3,3ʹ,4,4ʹ-biphenyltetracarboxylic acid dianhydride, 3-pyrimidin-2-yl-benzoic acid (Hpyb), 2,6-pyridinedicarboxylic acid (H2pydc), and 1,10-phenanthroline (phen) were from Aldrich. Elemental analyses were performed by MEDAC Ltd. at Chobham, UK. Crystallography. The data were collected at 150(2) K on a Nonius Kappa-CCD area detector diffractometer 49 using graphite-monochromated Mo K radiation ( = 0.71073 Å). The crystals were introduced into glass capillaries with a protective coating of Paratone-N oil (Hampton Research). The unit cell parameters were determined from ten frames, then refined on all data. The data (combinations of -and -scans with a minimum redundancy of at least 4 for 90% of the reflections) were processed with HKL2000. 50 Absorption effects were corrected empirically with the program SCALEPACK. 50 The structures were solved by intrinsic phasing with SHELXT, 51 except for that of compound 10, which was solved from Patterson map interpretation; they were then expanded by subsequent difference Fourier synthesis and refined by full-matrix least-squares on F 2 with SHELXL-2014. 52 All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms bound to oxygen or nitrogen atoms were found on difference
[Ag(bipy)2]2[UO2(pim)(NO3)]2 (1)
Fourier maps (except for those of some water molecules in compounds 7, 8 and 10) and all the other hydrogen atoms were introduced at calculated positions; all hydrogen atoms were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom (1.5 for CH3, with optimized geometry). Special details are as follows:
Compound 1. Restraints on displacement parameters were applied for the atoms of one bipy molecule probably affected by unresolved disorder.
Compound 3. The value of the refined Flack parameter was -0.006(3).
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Compounds 4 and 9. Two-component twinning was detected with TwinRotMat 54 and was taken into account in the refinement. Crystal data and structure refinement parameters are given in Table 1 . The molecular plots
were drawn with ORTEP-3 55 and the polyhedral representations with VESTA. 56 The topological analyses were made with TOPOS.
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Luminescence Measurements. Emission spectra were recorded on solid samples using a Horiba-Jobin-Yvon Fluorolog spectrofluorometer. The powdered complex was pressed between two silica plates which were mounted such that the faces were oriented vertically and at 45° to the incident excitation radiation. An excitation wavelength of 420 nm was used in all cases and the emissions monitored between 450 and 650 nm.
RESULTS AND DISCUSSION
Synthesis. Complexes 1-10 were synthesized under either purely hydrothermal or solvohydrothermal conditions at 140 °C. In general, addition of an organic cosolvent is advantageous since it facilitates the initial formation of a homogeneous solution and prevents in some measure the formation of oligomeric uranyl species through hydrolysis, and also because it promotes the formation of novel species, either when it is retained as a neutral coligand, or through the ionic 9 coligands or the counterions generated by its own hydrolysis, probably catalyzed by the metal ions present (see below). Its effect on the solubility of the products may also influence the outcome of the crystallization process. In the present cases, the organic cosolvent was methanol for complex here (and 4,4ʹ-bipy is half-protonated as a result in 5), whereas, in the complex obtained from H4bptc (generated from the dianhydride) and uranyl ions alone, two carboxylate groups retain their proton and are uncoordinated, the dimensionality being reduced in this case to one. 47 As an aside, and although complex 7, [(UO2)2(bptc)(NMP)1.5(H2O)1.5]1.5H2O, does not properly belong to the present series, it is worth mentioning it here since, as observed with several other polycarboxylic acids, 46 ,72 the presence of coordinated NMP molecules results in the formation of a 3D framework, an outcome which could not be attained through the use of additional metal cations with this ligand.
Of the two independent uranyl ions in the asymmetric unit of 7, one (U1) is chelated by one carboxylate group and bound to one monodentate carboxylate oxygen atom and two NMP In this complex again, the unique uranium atom is chelated by the carboxylate groups of three pyb Luminescence Properties. Emission spectra were recorded at room temperature for all complexes but 6 (for which a sufficient amount of pure crystals could not be isolated), in the solid state and under excitation at a wavelength of 420 nm, a value suitable for uranyl excitation and corresponding to the U=O axial LMCT band, 77, 78 and they are shown in Figure 11 . Nearly complete quenching of uranyl luminescence occurs for complexes 3, 8 and 10, the two former containing silver(I) and the last lead(II) cations. Although it is not general, as witnessed by several of the complexes reported here, quenching has previously been observed in uranyl-silver(I) heterometallic complexes, 14, 17, 18 and it has been assigned to the silver(I) cations providing a nonradiative relaxation pathway; 14 quenching has also been reported in a uranyl-lead(II) complex, but here also this is not a general phenomenon. 18 The weak luminescence in the solid state observed first, weak peak observed in 9 being unobservable here), and are close to those previously measured in several eight-coordinate uranyl carboxylate complexes. 7, 16, 17, 34, 35, 46, 63, 72, 80 The positions for complex 4 are slightly more red-shifted (489, 509, 531 and 555 nm), although carboxylate terchelation is present here also. Finally, the maxima positions for complexes 5 (496, 516, 539 and 564 nm) and 7 (493, 514, 538 and 563 nm) are the most red-shifted in this series and it is probably no accident that these complexes contain either purely seven-coordinate uranium cations (5) or a mixture of eight-and seven-coordinate ones (6) . Such red-shift of the spectra for uranyl species with five equatorial donors has previously been noticed, 7, 8, 63, 72, [81] [82] [83] although it is by no means general since the coordination number is only one factor at play, variations in the strength of the ligands having also an effect.
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CONCLUSIONS
The five mono-or polycarboxylate ligands used to synthesize the present series of eight heterometallic complexes containing uranyl and either silver(I) or lead(II) cations, have provided a useful basis to the study of the effects of the latter additional cations, whether included as simple counter-ions or integrated in a mixed-metal coordination polymer, on the geometry and dimensionality of the species formed. Additional cations are often added during the synthesis of uranyl-organic coordination polymers so as to introduce multi-directional linkers in systems that, due to the linear shape of the uranyl cation and its peculiar planar coordination preferences, are particularly prone to give 1D or 2D quasi-planar architectures. This expectation has been met here in the uranyl-silver(I) complex with chtc , where the filled 4d shell should be spherically symmetrical. An explanation may be that the relatively weak coordinative interactions of these two metal ions involve energies comparable to those of ligand-ligand repulsions and interspecies interactions in the solid state, meaning of course that the unusual coordination geometry should be taken as a characteristic of the crystalline lattice and not necessarily of species formed on dissolution in a solvent. Apart from three cases in which uranyl luminescence is completely quenched, the emission spectrum of most other complexes in this series displays the usual vibronic fine structure with a rather close relation between the position of the maxima and the uranium coordination number (which is not necessarily valid more generally). A motivation for extending our previous studies was the possibility of obtaining porous frameworks, in particular those where the photochemical activity of the uranyl centres might be exploited, with possible control by the additional metal ions, but the fact that none of the lattices shows significant porosity prevents any practical use of the present compounds.
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